Abstract. In this paper, we propose a robust visual feedback controller with integral action for tracking control of n-link robot manipulators in the presence of constant bounded parametric uncertainties. The proposed control input has robustness to the parametric uncertainty and reduces tracking error in the steady-state. The stability of the closed-loop system is shown by Lyapunov method. The effectiveness of the proposed method is shown by simulation and experiment results on the 5-link robot manipulators with two degree of freedom.
Introduction
Applications of visual based robot control have been increased when the robot is working in unstructured environments. The use of visual feedback in these applications is an attractive solution for the position and motion control of robot manipulators. A visual servo control scheme can be classified in two configurations: fixed-camera, where the visual servoing camera is fixed with respect to the world coordinate frame and camera-in-hand, where the camera is mounted on the endeffector of the robot manipulator [1] , [2] . In the camera-in-hand configuration, the camera supplies visual information of the object in the environment to the controller. The objective of this visual feedback control scheme is to move the robot manipulator in such a way that the projection of an object be at a desired position in the image plane obtained by the camera.
The manipulator vision system whose dynamics do not interact with the visual feedback loop can not achieve high performance for high speed tasks. In order to overcome this drawback, the controller must take into account the dynamics of robot manipulators [3] . The robot dynamics, however, includes parametric uncertainties due to load variations and disturbances. A visual servo controller taking into account robot dynamics must be robust to the parametric uncertainties and disturbances. Kelly [4] proposed an image-based direct visual servo controller for camera-in-hand robot manipulators, which is of a simple structure based on a transpose Jacobian term plus gravity compensation. In [5] , a robust tracking controller has been designed to compensate the uncertainty in the camera orientation and to ensure globally uniformly ultimate boundedness.
Robust control schemes require high feedback gains in order to reduce the tracking error. In practice, high feedback gains are limited because of hardware issues such as digital implementation, actuator saturation and noise contained in velocity measurements. Limitation of feedback gains induces large tracking errors. This problem can be overcome by integral control [6] .
In this paper, we design a robust visual servo controller with integral action to compensate parametric uncertainties due to load variations or disturbances and to reduce tracking error. The closed-loop stability including the whole robot dynamics is shown by the Lyapunov method. The proposed robust visual servo controller is applied on a two degree of freedom 5-link robot manipulator to show the performance of the closed-loop system. The simulation and experimental results show convergence behavior of the image feature points. This paper hereafter is organized as follows. In Sections 2 present the robot and camera models. The proposed robust control system with integral action is analyzed in Section 3. In Section 4 we introduce simulation and experiment results on a two degrees of freedom robot manipulators. The paper is finally summarized in Section 5.
Robot Model and Camera Model
In this work, we consider a robot manipulator with end effector which a camera is mo unted on. The mathematical model of this system consists of the rigid robot dynamic model and the camera model.
In the absence of friction and disturbance, the dynamic equation of an n-link rigid r obot manipulator can be expressed as [7] 
where n R q ∈ is the vector of joint displacements, 
is the known regression matrix.
The dynamic equation (1) 
where d q is the twice continuously differentiable desired trajectory.
In order to include integral action in the controller, let us define the new state vector
Defining the augmented state vector as
where
, and
The motion dynamics of the image feature point described by the robot joint velocity as
In robot control with visual feedback, the control problem is to design a controller to move the end-effector in such a way that the actual image features reach the desired ones specified in the image plane. Let us denote with d ξ the desired image feature vector which is assumed to be constant. We define the image feature error as
Using (7), the time derivative of (9) can be expressed by 
Substituting (11) into (10) leads to
Robust Control with Visual Feedback
In this section, we consider a robust visual feedback controller including integral action in order to compensate the bounded constant parametric uncertainties of robot manipulators. The proposed controller is given by 
is Hurwitz. We make the following assumptions to select an additional nonlinear input term and to prove the stability of the close-loop system.
Assumption 1:
The norms of the following matrices can be bounded such that Therefore, the control law (13) with (21) guarantees the uniformly ultimate boundedness of the closed-loop system.
Simulation and Experimental Results
The proposed control method was implemented on 2-link robot manipulator manufactured by Samsung Faraman-AS1. The dynamic equation of the manipulators is given by 
Conclusions
In this paper, a robust controller with visual feedback for robot manipulators was proposed. The controller is of structure based on the image feature errors and the joint velocities fed back by the CCD camera and the encoder, respectively. The proposed controller with integral action reduces tracking error due to parametric uncertainties.
The ultimate uniform stability of the overall closed-loop system is proved by using the Lyapunov method. Simulation and Experiment results on a two degree of freedom manipulator have shown that the proposed control method has effectiveness to control robot manipulators with uncertainty.
